Abstract-High-precision isotope data of meteorites show that the long-standing notion of a "chondritic uniform reservoir" is not always applicable for describing the isotopic composition of the bulk Earth and other planetary bodies. To mitigate the effects of this "isotopic crisis" and to better understand the genetic relations of meteorites and the Earthforming reservoir, we performed a comprehensive petrographic, elemental, and multiisotopic (O, Ca, Ti, Cr, Ni, Mo, Ru, and W) study of the ungrouped achondrites NWA 5363 and NWA 5400, for both of which terrestrial O isotope signatures were previously reported. Also, we obtained isotope data for the chondrites Pillistfer (EL6), Allegan (H6), and Allende (CV3), and compiled available anomaly data for undifferentiated and differentiated meteorites. The chemical compositions of NWA 5363 and NWA 5400 are strikingly similar, except for fluid mobile elements tracing desert weathering. We show that NWA 5363 and NWA 5400 are paired samples from a primitive achondrite parent-body and interpret these rocks as restite assemblages after silicate melt extraction and siderophile element addition. Hafnium-tungsten chronology yields a model age of 2.2 AE 0.8 Myr after CAI, which probably dates both of these events within uncertainty. We confirm the terrestrial O isotope signature of NWA 5363/NWA 5400; however, the discovery of nucleosynthetic anomalies in Ca, Ti, Cr, Mo, and Ru reveals that the NWA5363/NWA 5400 parent-body is not the "missing link" that could explain the composition of the Earth by the mixing of known meteorites. Until this "missing link" or a direct sample of the terrestrial reservoir is identified, guidelines are provided of how to use chondrites for estimating the isotopic composition of the bulk Earth.
INTRODUCTION
The bulk chemical and isotopic compositions of a differentiated planet like the Earth cannot be determined directly. The composition of mantle rocks has to be supplemented with other proxy compositions, namely the composition of the Sun (which comprises 99.8% of the mass of the solar system) and the compositions of primitive undifferentiated meteorites that were never heated above the solidus temperature after their formation in the solar nebula (e.g., Palme and O'Neill 2014) . The relative abundances of refractory elements in these chondritic meteorites are the same as those of the Sun and it is often assumed that chondrites represent the building blocks of the terrestrial planets. The introduction of the notion of a chondritic bulk planetary composition (Goldschmidt 1929; Russell 1941 ) boosted understanding of the structure, evolution, and inner workings of Earth and the other planets and still forms the backbone of geochemistry today (Palme and O'Neill 2014) .
However, with ever-increasing precision in isotopic analyses, it has become clear in the last decade that known groups of chondrites, and in particular, the ones that are most often used to explain the chemical composition of the Earth (All egre et al. 1995) , display nucleosynthetic isotopic anomalies relative to terrestrial rocks (Dauphas et al. 2002 (Dauphas et al. , 2014a (Dauphas et al. , 2014b Andreasen and Sharma 2007; Trinquier et al. 2007 Trinquier et al. , 2009 Regelous et al. 2008; Chen et al. 2010 Chen et al. , 2011 Qin et al. 2010; Burkhardt et al. 2011 Burkhardt et al. , 2016 Gannoun et al., 2011; Moynier et al. 2012; Herwartz et al. 2014; Akram et al. 2015; Render et al. 2016) . Under the assumption that the measured isotopic composition of the accessible Earth represents the composition of the bulk Earth, which seems reasonable at least for the lithophile elements that are not affected by radioactive decay or core partitioning (for siderophile elements, this is only true if the material accreted by the Earth did not change as a function of time [Dauphas et al. 2004; Dauphas 2017] ), the nucleosynthetic anomalies thus showed that no known chondrite group nor any combination of known chondrite groups are viable building blocks for the Earth (Burkhardt et al. 2011 .
The lack of a proper meteoritic proxy for the composition of Earth has important implications for our understanding of its origin and development. For example, using ordinary chondrites as proxy for the 142 Nd/ 144 Nd of the bulk Earth leads to incorrect interpretations of the 142 Nd rock record to determine accretion and differentiation time scales of the Earth (Burkhardt et al. 2011 Gannoun et al. 2011) . Likewise, taking the Si isotope composition of enstatite, ordinary, or carbonaceous chondrites as representative of the bulk Earth may lead to wrong assumptions about the Earth's Mg/Si ratio and the amount of Si in the Earth's core (Dauphas et al. 2015) .
If known chondrite types are not always good isotopic proxies for the planetary materials that formed Earth, are there any meteorites that are? The ungrouped (paired) primitive achondrites NWA 5363 and NWA 5400 are relatively oxidized (~IW-1; Gardner-Vandy et al. 2013) , metal-bearing ultramafic rocks for which terrestrial O and Cr isotope compositions have been reported Shukolyukov et al. 2010; Larouci et al. 2013) . Thus, NWA 5363 and NWA 5400 may represent primitive samples of the elusive terrestrial reservoir. As part of our ongoing effort to better constrain the isotopic composition of the bulk Earth and the genetic relations of meteorites and the Earthforming reservoir, we present here a comprehensive petrographic, elemental, and multi-isotopic (O, Ca, Ti, Cr, Ni, Mo, Ru, and W) study of the NWA 5363/NWA 5400 meteorites, as well as isotope data for the chondrites Pillistfer (EL6), Allegan (H6), and Allende (CV3) for quality control. Our results are discussed with respect to (1) the formation and differentiation history of the NWA 5363/NWA 5400 parent-body, (2) the relationship of NWA 5363/NWA 5400 to other known planetary materials, and (3) the nature of Earth-forming building blocks.
ANALYTICAL METHODS

Petrography
Several NWA 5363 rock slices of a few grams each and a single 34 g slice of NWA 5400 were purchased from meteorite dealers. Visual inspection of the slices indicates that both meteorites are affected by desert weathering, with NWA 5400 being more strongly altered than NWA 5363. For each meteorite, an epoxy-mounted 1 00 thick section was prepared and polished using different grits of SiC paper and diamond paste. The sections were investigated using a Zeiss EVO 60 SEM equipped with an Oxford EDS (energy dispersive spectroscopy) system at the Field Museum of Natural History, Chicago. EDS maps of different elements were prepared for the whole surface of the sample to locate the distribution of different phases and estimate their abundance. Quantitative elemental composition of the phases was determined using the INCA analytical program provided by Oxford Instruments. A 20 kV electron beam was used to measure natural and synthetic standards prior to measuring the composition of the phases in the sample and the beam stability was monitored regularly.
Major and Trace Element Analysis
For major element, trace element, and isotopic analysis about 3-5 g pieces of NWA 5363, NWA 5400, Pillistfer (EL6; Field Museum, ME 2655 #1), Allegan (H6; Field Museum, ME 1433 #3.1), and Allende (CV3; Field Museum, ME 2639) were cleaned with abrasive paper, followed by ultrasonication in methanol, and subsequently crushed and powdered in an acid-cleaned agate mortar at the Origins Lab, Chicago. Care was taken to use the least altered sections available. To investigate the effects of desert weathering on the elemental and isotopic composition of the NWA meteorites, a severely altered part of NWA 5400 was also powdered (NWA 5400alt). Visual examination of the powdered samples confirms the grading of weathering, with the colors of the powders progressing from dark gray (NWA 5363) to brownish-yellow (NWA 5400) to yellow-reddish (NWA 5400alt). Bulk major and trace element analyses of the NWA 5363, NWA 5400, NWA 5400alt samples, as well as the Allende Smithsonian reference powder (USNM 3529; for quality control) were obtained on~1 g aliquots of the powders at the SARM/CNRS Nancy, France by ICP-OES (Thermo Fisher ICap 6500), ICP-MS (Thermo Elemental X7), carbon-sulfur analyzer (Horiba EMIA320V2), and AAS (Varian 220FS), following the procedures laid out in Carignan et al. (2001) .
Isotope Analysis
O Isotopes
About 0.15 g aliquots of the sample powders along with the BHVO-2 basalt standard were sent to the University of G€ ottingen, Germany, where their O isotope composition was analyzed by laser-fluorination gas-chromatography mass spectrometry (Sharp 1990 ) on a Thermo Mat 253 gas source mass spectrometer, following the methods described in Pack and Herwartz (2014) 
Ca Isotopes
Powder aliquots of about 0.15 g were digested and processed for Ca isotope analysis by thermal ionization mass spectrometry (TIMS, Thermo Scientific Triton) at the Jet Propulsion Laboratory, Caltec following previously established methods . Calcium isotope anomalies are reported as parts per 10,000 deviation (e-notation) from the terrestrial NIST SRM 915a standard after mass bias correction assuming the exponential law and 42 Ca/ 44 Ca = 0.31221.
Ti Isotopes
Roughly half a gram of the sample powders and the BHVO-2 basalt standard were dissolved in 12 mL of a mixture of HF:HNO 3 :HClO 4 at the Origins Lab, University of Chicago. The large sample sizes stem from the fact that not only Ti but also Mo and W isotope compositions were obtained from the same digested sample solutions. After removal of the main matrix elements by cation exchange column chromatography (15 mL AG50W-X8, 200-400 mesh) in HCl-HF media, Ti(+Zr,Hf), W, and Mo cuts were separated on an anion exchange column (4 mL AG1-X8, 200-400 mesh) broadly following previously established elution schemes (Kleine et al. 2004; Burkhardt et al. 2011 ). The Ti cut was then further purified on TODGA (2 mL) and AG1-X8 (0.8 mL, 200-400 mesh) chromatographic columns (Zhang et al. 2011) . Titanium isotope measurements were made using the Origins Lab Thermo Scientific Neptune multicollector inductively coupled plasmamass spectrometer (MC-ICP-MS) in high-resolution mode (Zhang et al. 2011) . Solutions containing about 200 ppb Ti were introduced through a Cetac Aridus II desolvating system, resulting in a~4 9 10 À10 A ion beam on 48 Ti. Measurements consisted of a 30 s baseline measurement (deflected beam) followed by 20 isotope ratio measurements of 16 s each. Mass bias was corrected using the exponential law and 49 Ti/ 47 Ti = 0.749766. Titanium isotope anomalies are reported as parts per 10,000 deviation (e-notation) from the terrestrial OL-Ti (Millet and Dauphas 2014) bracketing standard.
Cr Isotopes
Between 0.005 and 0.04 g aliquots of the Allende, NWA 5363/NWA 5400, and BHVO-2 powders were digested and processed at USTC for Cr isotope analysis by Thermo Scientific Triton Plus TIMS at the State Key Laboratory of Geological Processes and Mineral Resources, University of Geosciences, Beijing, China following the protocol described in Qin et al. (2010) , except that only conventional acid digestion of the samples with HNO 3 and HF was used. Results are presented in e-units relative to the NIST SRM 3112a Cr standard after mass bias correction assuming the exponential law and a constant 50 Cr/ 52 Cr of 0.051859.
Ni Isotopes
Between 0.04 and 0.07 g of the sample powder was digested in HF:HNO 3 and aqua regia and Ni was separated using chromatography columns filled with cation (5 mL AG50-X12, 200-400 mesh) and anion (1 mL Bio-Rad AG1W-X8, 200-400 mesh) resin at the Origins Lab following the protocol described by Tang and Dauphas (2012) . Nickel isotope compositions were measured in medium resolution using the Origins Lab MC-ICP-MS equipped with a Cetac Aridus II introduction system. The samples were introduced into the mass spectrometer with Ar + N 2 and the instrument sensitivity for 58 
Mo Isotopes
The Mo cuts obtained from the Ti chemistry were further purified by two passes on TRU spec cation exchange resin in HNO 3 and HCl media (Burkhardt et al. 2011 
Ru Isotopes
Ruthenium isotope compositions were obtained from 0.3 to 0.4 g powder aliquots. The sample powder was digested in Carius tubes with reverse aqua regia. Ruthenium was separated by cation exchange column chromatography (10 mL AG50W-X8, 100-200 mesh) and further purified by microdistillation of Ru as RuO 4 into HBr from a H 2 SO 4 -CrO 3 solution (Fischer-G€ odde et al. 2015) . Measurements were performed using the NeptunePlus MC-ICP-MS at the University of M€ unster equipped with an Aridus II desolvator and conventional H cones, resulting in a total ion beam intensity of about 3 9 10 À10 A for~100 ppb Ru measurement solutions. Isotope analyses consisted of 40 9 8.4 s on-peak baseline integrations on a solution blank followed by 100 integrations of 8.4 s each on the sample or standard solutions. Mass bias was corrected using the exponential law and 99 Ru/ 101 Ru = 0.7450754. Ruthenium data are reported in e-notation relative to bracketing Ru inhouse solution standard (Alfa Aesar Ru).
W Isotopes
The W cuts obtained from the Ti chemistry were purified by an additional pass over an anion exchange column (1 mL AG1x8, 200-400 mesh) in HCl-HF-H 2 O 2 media Figure 1 shows SEM backscattered electron images of NWA 5363 and NWA 5400. The texture of NWA 5363 and NWA 5400 is granoblastic with triple junctions and grain sizes mainly between 200 and 800 lm. Both meteorites show significant terrestrial alteration (Fe-oxide veins), with NWA 5363 being better preserved than NWA 5400. Consistent with previous petrographic investigations Day et al. 2012; Gardner-Vandy et al. 2013; Weisberg et al. 2009-for NWA 5400; Garvie 2012; Larouci et al. 2013-for NWA 5363) (Jarosewich et al. 1987) , for both major and trace elements. The notable exception is W for which an about 79 higher concentration was obtained here (1.12 ppm versus 0.16 ppm), most likely the result of impurities in the fluxing agent used by the SARM, Nancy. As the W (and Hf) concentrations of NWA 5363 and NWA 5400 were also determined by isotope dilution in M€ unster, this inaccuracy is of no significance, however. We also note that the Mo content of the Allende Smithsonian reference powder is a factor of~2 higher than that determined for other Allende samples (e.g., Burkhardt et al. 2011; Stracke et al. 2012) , possibly reflecting Mo contamination during the production of the reference powder. In any case, the good agreement between Jarosewich et al. (1987) and our data (except for W) highlights the accuracy of the SARM analyses.
RESULTS
Petrography
The elemental compositions of NWA 5363, NWA 5400, and NWA 5400alt are very similar to each other for most analyzed elements, providing further evidence for the paired nature of the NWA 5363 and NWA 5400 meteorites. The largest variability between the three analyzed NWA samples is seen for elements tracing desert weathering, like Sr, Ba, and U, with NWA 5400alt showing the highest concentrations (e.g., 195 ppm Ba) followed by NWA 5400 (80.5 ppm) and NWA 5363 (<1.6 ppm). This grading is consistent with visual examination of the rock slices and the sample powders, and confirms that our NWA 5363 sample is least affected by terrestrial weathering. Relative to chondritic abundances, the NWA samples are depleted in incompatible lithophile Al, Na, K, Ti, HFSEs, and REEs ( Fig. 2) , consistent with a restite-like mineralogy. Molybdenum and W (and the HSE; Day et al. 2012 ) on the other hand show enrichments relative to chondrites (Mo~2 9 CI, W~10 9 CI, Ir,Os~5 9 CI).
Isotope Compositions
The isotope compositions of the measured chondrites, NWA 5363/NWA 5400 samples, and terrestrial standards are given in Table 2 Table S1 in the supporting information.
Oxygen
The d 18 O and D 17 O values of NWA 5363 (+5.7 AE 0.7; À0.045 AE 0.020; 2r) and NWA 5400 (+6.7 AE 0.7; À0.088 AE 0.032) are within uncertainty indistinguishable from the BHVO-2 (+5.7 AE 0.7; À0.037 AE 0.032) and San Carlos olivine (+5.3 AE 0.7; À0.051 AE 0.012) standard measurements. These results confirm earlier O isotope measurements that found no D 17 O anomalies in the NWA 5363/NWA 5400 samples relative to the Earth Shukolyukov et al. 2010; Larouci et al. 2013 (Fig. 4) . The anomalies are similar to the ones reported for ordinary and enstatite chondrites (Dauphas et al. 2014a ).
Titanium
The Ti isotope compositions of NWA 5363 and NWA 5400 (e 50 Ti = À1.00 AE 0.14 and À1.03 AE 0.11) are within uncertainty identical to each other, but significantly different from the terrestrial standard composition. Data for Allende, Allegan, and Pillistfer agree within error with literature values of the CV, H, and EL chondrite groups (Trinquier et al. 2009; Zhang et al. 2012) .
Chromium
Similar to Ca and Ti, the Cr isotope compositions of NWA 5363 and NWA 5400 are identical and slightly depleted in the neutron-rich isotopes, resulting in a mean e
54
Cr value of À0.37 AE 0.13. This value is different from the e 54 Cr of 0.07 AE 0.11 reported by Shukolyukov et al. (2010) for NWA 5400 in a conference proceeding. As no information was provided on the analytical procedures used in the latter study, the reason for this discrepancy remains uncertain. We note that in a recent conference abstract, an e 54 Cr value of À0.27 AE 0.08 was reported for NWA 5400 (Sanborn et al. 2016) , in line with our data. We also note that the Cr isotope datum for Allende is consistent with our previous work (Qin et al. 2010 ).
Nickel
The Ni isotope compositions of NWA 5363 and NWA 5400 are indistinguishable from each other (e 64 Ni = +0.05 AE 0.19 and +0.03 AE 0.08) and within uncertainty of the terrestrial standard composition (e 64 Ni = 0). The Ni isotope data of the chondrites agree within error with literature values (Regelous et al. 2008; Steele et al. 2011; Tang and Dauphas 2012) .
Molybdenum
NWA 5363 is characterized by a small deficit in s-process Mo (e 92 Mo = 0.53 AE 0.22), similar to the values of Allegan, Pillistfer, and other ordinary and -G€ odde et al. (2015) . Due to the low Ru abundance, BHVO-2 was doped with Ru standard to illustrate the absence of matrix effects.
enstatite chondrites (Fig. 5) . The datum obtained here for Allende (e 92 Mo = +2.00 AE 0.16) is significantly lower than the one obtained by Burkhardt et al. (2011) (e 92 Mo = 3.35 AE 0.36) on another Allende powder. The explanation for this discrepancy is most likely heterogeneity at the sampling scale, e.g., the amount of CAI material in different Allende powders (Budde et al. 2016) .
Ruthenium
Similar to Mo, the Ru isotope composition of NWA 5363 exhibits a s-process deficit (e 100 Ru = À0.34 AE 0.13) akin to that found in Allegan and other ordinary chondrites (Fischer-G€ odde et al. 2015) . 
DISCUSSION
Our new petrographic, elemental, and isotopic data provide strong evidence that NWA 5363 and NWA 5400 are paired primitive achondritic meteorites from an asteroidal parent-body not previously sampled in our collections. In the following, we use the available petrological and chronological information to constrain the formation and differentiation history of the NWA 5363/NWA 5400 parent-body and then discuss its isotopic composition with respect to other planetary bodies, mixing in the protosolar nebula, and the composition of the Earth.
Formation and Differentiation History of the NWA 5363/ NWA 5400 Parent-Body
Petrological Constraints
The closest meteoritic analog to the NWA 5363/NWA 5400 meteorite samples are brachinites, a group of primitive achondrites with which they share most petrologic characteristics, i.e., equilibrated textures, FeOrich silicates (Fa~3 0 ), and an olivine-dominated depleted mineralogy, but whose O isotopic composition is markedly different Day et al. 2012; GardnerVandy et al. 2013) . Primitive achondrites are interpreted to be relics from asteroidal bodies of chondritic composition whose internal heating was sufficient to induce partial melting, but not strong enough to cause global melting and complete differentiation into core, mantle, and crust. Thus, primitive achondrites form an intermediary between the undifferentiated chondrites and the samples from fully differentiated bodies like Mars, Vesta, the Moon or the parent bodies of angrites and the magmatic iron meteorites. These features make them valuable samples for studying the initial stages of planetary differentiation. Brachinites and the brachinitelike achondrite NWA 5400 have been recently studied in detail by several groups. Although it was previously argued that brachinites may have a cumulate origin Dauphas (2012, 2014) . (Color figure can be viewed at wileyonlinelibrary.com.) (Warren and Kallemeyn 1989) , the currently prevailing interpretation is that they formed by the extraction of a silica-saturated partial melt (~10-30%) from a chondritic source rock Gardner-Vandy et al. 2013; Usui et al. 2015) . The silicate melt may be sampled by the oligoclase-rich evolved achondritic meteorites Graves Nunataks 06128/06129 (Day et al. 2009 , while the brachinites represent the depleted ultramafic restite. With the removal of the silicate melt, further differentiation of the brachinite source region likely came to a halt, possibly because the melt deprived it from heat-producing elements, in particular incompatible 26 Al. The high total Fe and HSE concentration in the brachinites (and NWA 5400) seems to indicate that no large-scale metal-silicate differentiation occurred in the brachinite parent-body.
To obtain information on the brachinite precursor and the oxygen fugacity under which the brachinites formed, Gardner-Vandy et al. (2013) calculated equilibrium fO 2 and equilibrium temperatures of brachinites and NWA 5400 using the quartz-iron-fayalite system (QIFa), and the olivine-chromite thermometer (Sack and Ghiorso 1991) as well as the quartz-ironferrosilite system (QIFs) and the two-pyroxene thermometer. For NWA 5400, they obtained 1028 AE 22°C and IW-1.1, and 909 AE 26°C and IW-1.4, respectively. Combining the NWA 5363 and NWA 5400 mineral data from our study with all available literature data Gardner-Vandy et al. 2013; Larouci et al. 2013) , we have repeated the exercise for the two-pyroxene and Ca-in-opx thermometers as well as the Ca-in-ol thermometer 0.842 and the thermodynamic data set of Robie and Hemingway (1995) for calculating logKs, an oxygen fugacity of IW-1.21 is obtained for an equilibration temperature of 1000°C. This implies that metal phases were stable and present during the melt extraction, such that siderophile elements were retained in the source, qualitatively consistent with the high Mo, W, and HSE concentrations measured in NWA 5363/NWA 5400. The bulk total Fe measured in the NWA 5363/NWA 5400 samples is~22 AE 1 wt%, within the range of total Fe of bulk chondrites (19-28 wt%; Jarosewich 1990). Given the high FeO content of the silicates (Fa 30.1 , Fs 25.4 ) and assuming a single-stage evolution without refertilization, this indicates that no more than~5% of the total Fe has been lost by melt extraction from a chondritic source. As some Fe entered the silicate melt as Fe 2+ , a significant Fe loss through large-scale metalsilicate fractionation, i.e., core formation on the NWA 5363/NWA 5400 parent-body seems unlikely. However, in order to explain the nonchondritic HSE signatures of NWA 5400, the extraction of a small amount of a high-S metallic melt from the chondritic source seems to be required . As the Fe-Ni-S eutectic is below the silicate melting temperature, the removal of such a high-S melt may have occurred before or along with the silicate melt extraction. Furthermore, some of the siderophile elements, such as W, occur not only in nonchondritic proportions but are also highly enriched relative to a chondritic source rock. This can neither be solely caused by the loss of a small amount of a high-S melt nor by the extraction of 10-30% of a silicasaturated melt from a chondritic source, but requires a process that adds these elements. This might have happened by fluxing of silicate melt from a more oxidized source (where W is incompatible) through the NWA 5363/NWA 5400 source region (where W is scavenged), or by some high-S melts that were added either before or after the silicate melt extraction and produced the observed 5-10 9 CI enrichments in W and some HSEs.
Chronological Constraints
Thus far, age constraints on the formation and evolution of the NWA 5363/NWA 5400 parent-body are sparse. Dating of NWA 5400 by U-Pb systematics did not yield an isochron of chronological significance, but only a mixing line between primordial Pb and modern terrestrial crustal Pb, which was introduced through terrestrial alteration. Based on the finding of primordial Pb, it was concluded that NWA 5400 derives from a parent-body that either differentiated early or did not lose its volatile elements (Amelin and Irving 2011) . Samarium-Nd systematics suggest that the superchondritic Sm/Nd of NWA 5363 was acquired during an early silicate melt extraction event, as whole rock data fall within uncertainty on a 4.568 Ga chondrite isochron 53 Mn at the time of mineral closure was detected (Shukolyukov et al. 2010; Sanborn et al. 2016 ). This young apparent age contrasts with old 53 Mn-53 Cr crystallization ages (4564.5 AE 0.9) obtained for brachinites (Wadhwa et al. 1998 ) and either reflects protracted magmatic processes on the NWA 5400 parentbody or resetting of the chronometer during late-stage thermal events. Finally, an I-Xe age of 4568.9 AE 0.6 for closure in olivine and apatite was reported (Pravdivtseva et al. 2015) , in apparent conflict with the young Mn-Cr age. In contrast to the U-Pb, Mn-Cr, and I-Xe systems, the Hf-W chronometer has the advantage of being less susceptible to postcrystallization disturbances like parentbody metamorphism or impact events and terrestrial alteration. 182 W values at the time of Hf-W fractionation of À3.27 AE 0.08 and À3.20 AE 0.08, the weighted average of which is À3.24 AE 0.06. Under the assumption that the NWA 5363/NWA 5400 parent-body evolved with a chondritic Hf/W ratio, a two-stage model age of the fractionation from a chondritic reservoir can be calculated using:
where Dt CAI is the time after formation of the solar system in million years, k = 0.0778 AE 0.0015 Ma À1 is the 182 Hf decay constant (Vockenhuber et al. 2004 ), e 182 W sample is the initial W isotopic composition of NWA 5363/NWA 5400, e 182 W CHUR = À1.9 AE 0.1 is the present-day W isotopic composition of chondrites (Kleine et al. 2009) , and e 182 W SSI = À3.49 AE 0.07 is the solar system initial W isotopic composition as inferred from CAI (Kruijer et al. 2014) . For the mean e 182 W i of À3.24 AE 0.06 of the NWA samples, this equates to a two-stage model age of Hf/W fractionation from a chondritic reservoir of 2.2 AE 0.8 Myr after CAI formation.
This age is similar to the I-Xe age, but what is its significance and which event(s) does it date? As discussed in the previous section, at least two processes are needed to explain the element concentration patterns of NWA 5363/NWA 5400-the extraction of a silicate melt at a time t sil. ext. and the addition of W (and some other siderophile elements) at a time t W add. after the start of the solar system. Both processes decreased the Hf/W ratio of the reservoir, the former by removal of Hf, the latter by addition of W. The W addition either happened before (t W add. < t sil. ext. ), after (t W add. > t sil. ext. ), or at the same time (t W add. = t sil. ext. ) as the silicate melt extraction.
In the latter case (t W add. = t sil. ext. ), the calculated model age of 2.2 Ma after CAI actually dates this event. In the case where the W addition happened before the melt extraction (t W add. < t sil. ext. ), the model age can be interpreted as the latest possible time after CAI formation at which the W addition could have taken place. The timing of silicate melt extraction is dependent on the time of W addition in this scenario. If the W addition was earlier than 2.2 Ma, then the melt extraction must have happened after this date. The minimum age of W addition is~0.8 Ma after CAI, because a reservoir with~10 9 CI W separating from the chondritic evolution at that time would evolve to an e 182 W = À3.24 even without extracting a Hf-rich silicate melt at a later time. Thus, in case of an early W addition, the timing of silicate melt extraction could be significantly underestimated by the 2.2 Ma model age and in fact this event may only have happened after the extinction of the 182 Hf-182 W system (>50 Ma after CAI). In the last possible scenario, silicate melt extraction precedes W addition (t W add. > t sil. ext. ) and thus the 2.2 Ma model age represents a maximum age of melt extraction and a minimum age of W addition. A maximum age of W influx of~2.4 Ma after CAI can be equated by adding W from a chondritic reservoir to a melt-depleted ( 180 Hf/ 184 W~0.1) and early-formed (t = 0 Ma) reservoir in a ratio of 9:1, such that today's amounts of Hf and W and a e 182 W of À3.24 are obtained. Taken together, most of the scenarios discussed above imply a relatively close temporal relation between the W addition and the silicate melt extraction, such that the calculated model age of 2.2 AE 0.8 Ma after CAI most likely dates both of these events within the error limits. Although possible, the scenario where an early W addition by percolating low-degree Fe-S melts is followed by melt extraction millions of years later is not supported by the I-Xe age and the petrographic observations. The SEM pictures show ubiquitous Fe-S veins forming networks along grain boundaries, indicating low-degree Fe-S melts percolating through the rocks after the silicate extraction. Thus, the W addition probably succeeded the silicate melt extraction and both events happened within 3 Ma after CAI formation.
Synthesis
Based on the peridotitic mineralogy and the terrestrial O isotopic composition, it was speculated that NWA 5363 and NWA 5400 might be terrene meteorites detached from the Earth early in its history, remnants of the putative Moon-forming impact, or samples from a former differentiated planetary body that accreted close to the Earth Larouci et al. 2013; Dauphas et al. 2014a Dauphas et al. , 2014b . While these speculations are certainly thought-provoking and sparked our initial interest in these rocks, the petrographic, chronological, and isotopic (see discussion below) results obtained here do not support such a relationship. Incompletely differentiated rocks with a formation age of <3 Ma after CAI are unlikely to survive on large planetary bodies like the proto-Earth or the Moon-forming impactor because the accretion and differentiation history of these bodies would have erased any such early signatures. Furthermore, preserving meteorites ejected from the early Earth, e.g., during the late heavy bombardment or during the Moon-forming impact for billions of years seems also highly unlikely from a dynamical perspective (e.g., Bottke et al. 2006 ). Instead our results imply the origin of NWA 5363/NWA 5400 from a partially differentiated asteroidal body similar to the parent-body of the brachinites in terms of chemical composition, redox conditions, and differentiation history. This is in line with the recent studies of brachinites that included NWA 5400 as "brachinite-like" achondrites Gardner-Vandy et al. 2013) . We interpret the depleted mineral assemblage as representing a restite after partial melting and extraction of silicate melt from a fertile chondritic source rock at~2 Myr after the start of the solar system. The high concentrations of refractory siderophile elements (Mo, W, and HSE) in the restite require the presence of metal during silicate melt extraction, consistent with the inferred fO 2 of IW-1.21 at magmatic temperatures, as well as the addition of elements to the source rock. This addition of siderophile materials probably happened along with the silicate melt extraction, for example, by fluxing of more oxidized melt (which is enriched in W) through the rock or by addition of laterformed high-S metallic melts. The extraction of the silicate melt most likely marked the peak temperature in the NWA 5363/NWA 5400 assemblage. This is because the main heat-producing isotopes, especially 26 Al, were purged with the melt, leaving behind depleted restite rocks. During the following cooling, small amounts of low-degree high-S metal melts formed networks along the equilibrated granular silicate grain boundaries; however, these melts were trapped when the rocks cooled below the Fe-S eutectic and could not efficiently segregate. Thus, while the parent-body of the NWA 5363/NWA 5400 meteorites experienced early silica-saturated magmatism, the heating required to initiate a planetary-wide metal-silicate fractionation event could not be generated. This suggests that NWA 5363/NWA 5400 derives from a relatively small early-formed asteroidal parent-body, and not from a planetary embryo or planet.
Genetic Relations of NWA 5363/NWA 5400 to Other Planetary Objects Isotopic anomalies in meteorites are the prime tool to reconstruct genetic relations of planetary materials, because in contrast to elemental signatures or mass-dependent isotope variations, these anomalies are not modified by planetary processes like differentiation, fractional crystallization, or volatile depletion. Thus, isotope anomalies in meteorites provide a direct fingerprint of their bulk parent-body composition. While this genetic fingerprinting was traditionally limited to the use of O isotopes (Clayton 2003) , in the last decade a range of other elements were identified to exhibit planetary-scale nucleosynthetic isotope anomalies (Table 3) . As the anomalies observed for different elements are often not directly correlated, this allows for multiparameter approaches in planetary genetics, e.g., the testing of genetic relations that were proposed by O isotopes, and multiisotope minimization models to constrain the origin of planetary building blocks (e.g., Dauphas et al. 2014a) .
The terrestrial O isotopic composition reported for NWA 5400 Shukolyukov et al. 2010) and NWA 5363 (Larouci et al. 2013 ) has been used to suggest a close genetic relationship between the nebular reservoirs from which the NWA 5363/NWA 5400 parent-body and the Earth accreted. Our O isotope analyses of NWA 5363/NWA 5400 confirm the terrestrial composition of the NWA 5363/NWA 5400 parent-body. In fact, the NWA 5363/NWA 5400 meteorites are, besides lunar samples (Young et al. 2016) , currently the only known extraterrestrial materials with an O isotopic composition identical to the bulk Earth. However, our multi-isotope approach also reveals that in most elements other than O, significant differences exist between the isotopic makeup of NWA 5363/NWA 5400 and the Earth. The Ca, Ti, Cr, Mo, Ru, and Nd isotope data of NWA 5363/NWA 5400 are significantly different from the terrestrial composition, and rather akin to the one of ordinary chondrites (Table 3 , Figs. 4 and 5) . Taken together, the isotopic compositions of NWA 5363/NWA 5400 cannot be matched by any known meteorite type and supports the classification of these meteorites as ungrouped achondrites. Thus, NWA 5363/NWA 5400 are not direct samples of the terrestrial reservoir. They are neither remnants of the Moon-forming impact nor terrene meteorites sampling the proto-Earth. Instead, they sample a parent-body that accreted from a nebular reservoir isotopically similar to the ones of the ordinary and enstatite chondrites, but markedly different from the source region of the carbonaceous chondrites.
Implications for the Earth-Forming Reservoir and the Composition of the Earth
The Earth is thought to have formed over tens of millions of years by stochastic accretion of planetesimals and planetary embryos originating from various heliocentric distances, with the majority coming from a narrow annulus around 1 AU . Furthermore, correlated Mo and Ru isotope anomalies suggest that the materials of the main phase of Earth's accretion and the late veneer were derived from the same source region (Dauphas et al. 2004; Burkhardt et al. 2011; Fischer-G€ odde et al. 2015; Fischer-G€ odde and Kleine 2017) . This potentially homogeneous source region was dubbed Inner Disk Uniform Reservoir (IDUR) and may have extended up to around 1.5 AU (Dauphas et al. 2014a ). Located at 1.5 AU, Mars, the closest planetary neighbor of the Earth, already exhibits a markedly different isotopic , highlighting that the two bodies accreted from a significantly different mix of materials. This implies that the nebular accretion disk must have been heterogeneous at least at the scale sampled by Earth and Mars. Given that most known meteoritic samples derive from the asteroid belt, i.e., beyond the orbit of Mars, it is no surprise that these samples are isotopically distinct from the Earth and cannot be taken as representative of the building blocks of the Earth. However, gravitational perturbations of planetesimals during the growths of planetary embryos and planets may have scattered some of the bodies originally located in the Earth's main accretion region into the asteroid belt (Bottke et al. 2006; Walsh et al. 2012) . For example, enstatite chondrites are isotopically very similar to the Earth, while the isotopic and elemental composition of Mars can be regarded as a mixture between enstatite chondrites and ordinary chondrites (Sanloup et al. 1999; Tang and Dauphas 2012) . This might indicate that enstatite chondrites sample an isotopic reservoir originally located somewhere in between the orbits of the materials forming the Earth and Mars, and probably contributed to the composition of both planets. If true, this implies that some materials from the terrestrial planet-forming region have ended up in the asteroid belt. If Mars is a mixture between ordinary and enstatite chondrites, then the Earth could be seen as a mixture between enstatite chondrites and an endmember that is not sampled up to now in our collections. Due to the oxidized nature, which would As the terrestrial reservoir is neither sampled by any known meteorite directly, nor can it be reproduced by any combination of known meteorites, care must be taken when using the isotopic composition of chondrites as proxy for the composition of the Earth. This is particularly evident for interpreting (1) stable isotope data with respect to fractionation processes among geochemical reservoirs and (2) radiometric signatures of short-lived nuclides with respect to planetary differentiation.
An example for the first case is the interpretation of the terrestrial and meteoritic Si isotope record. By taking the Mg/Si ratio and mass-dependent silicon isotope composition of ordinary and carbonaceous chondrites as representative of the bulk Earth, it was suggested that the high Mg/Si ratio and d 30 Si value of the BSE are the result of partitioning of 8-12 wt% Si in the Earth's core (Georg et al. 2007 ). However, enstatite chondrites exhibit lower Mg/Si ratios and d
30 Si values than ordinary or carbonaceous chondrites, while angrite meteorites exhibit a much higher d 30 Si value (Pringle et al. 2014; Dauphas et al. 2015) . As the d 30 Si and Mg/ Si variations in these bodies are unrelated to core formation but rather reflect nebular processes, the composition of the bulk Earth is more uncertain than previously thought, which strongly limits the use of Si isotopes as tracer of Si in the Earth's core. Taking the nebular fractionation trend as additional constraint into account, the range of Si in the core is now estimated to 3.6 (+6.0/À3.6) wt% Si (Dauphas et al. 2015) .
An example for the second case is the interpretation of the terrestrial 142 Nd rock record. The short-lived 146 Nd system (t 1/2~1 03 Ma) is a powerful tool to determine the time scales and processes involved in the early silicate differentiation of the Earth, Moon, and Mars (e.g., Harper and Jacobsen 1992; Harper et al. 1995; Nyquist et al. 1995 Nd/ 144 Nd for the bulk Earth, this observation is interpreted in chronological terms as evidence for either the formation and sequestration of an early enriched hidden reservoir within a few Ma after the start of the solar system (Boyet and Carlson 2005) , or the evolution of the Earth with a superchondritic Sm/Nd (Caro et al. 2008) , perhaps resulting from the collisional erosion of early-formed crust (O'Neill and Palme 2008) . Both of these interpretations severely change our understanding of the makeup and the evolution of the Earth. However, 142 Nd/ 144 Nd seems to be variable among different chondrite groups (with enstatite chondrites being closest to the Earth, followed by ordinary chondrites and carbonaceous chondrites [Gannoun et al. 2011]) , and the variations appear to be correlated with anomalies in nonradiogenic Nd isotopes .
Taken these observations together, the following two simple guidelines of how to use chondrites for estimating the isotopic composition of the bulk Earth can be given.
1. Whenever mass-dependent or mass-independent isotope variations exist among different groups of chondrites, caution should be exercised in assuming that any of the chondrite materials may represent the composition of the Earth. Additional constraints are needed to establish the bulk Earth's isotopic composition. These might be elemental fractionation trends (as in the case of Si) or nucleosynthetic production relations among different isotopes to disentangle radiogenic and nucleosynthetic contributions (as in the case of 142 Nd). 2. Vice versa, when all chondrite groups exhibit the same isotope composition for a given element, it is safe to assume that the bulk Earth is also characterized by this chondritic value.
CONCLUSIONS
Our petrographic, chemical, and isotopic investigation of the ungrouped meteorites NWA 5363 and NWA 5400 revealed that they are paired samples from a relatively small and oxidized primitive achondrite parent-body that accreted and partially differentiated within 3 Myr after the start of the solar system. Despite its terrestrial O isotope signature, which was taken as evidence for a potential origin from the Earth-forming inner disk region, the discovery of nucleosynthetic anomalies in Ca, Ti, Cr, Mo, Ru, and Nd reveals that the NWA 5363/NWA 5400 parent-body is not closely related to the Earth. It is thus not the "missing link" in the planetary genetics that could explain the composition of the Earth by the mixing of known meteorites.
Isotopic investigations on the~250 ungrouped meteorites (Meteoritical Bulletin Database) and samples from Mercury or Venus might eventually identify this missing component and certainly will shed further light on the isotopic makeup of the Earth.
Until this primitive component sampling the terrestrial reservoir is identified, care must be taken when using meteorites to infer the bulk isotopic composition of the Earth, particularly if the isotopic composition of a given element varies among different types of chondrites.
